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1 - Introduction 
Rice is life for almost half the planet’s population. Each day, millions of poor around the 
world depend on rice as staple food and employment. The majority of all rice produced comes from 
China, India, Indonesia, Bangladesh, Viet-Nam and Thailand with asian farmers still accounting for 
92-percent of the world's total rice production. Today, rice is grown and harvested throughout the 
world, wherever conditions allow its growth, namely in warm moist climates. Rice farming systems 
are diversified, from dry temperate regions to flooded cultures in the tropics, from rainfed lowland in 
Africa or South America to low temperature upland in Madagascar or Asia, in deepwater or flood-
prone environments where the water depth may exceed 5 meters.  In the year 2003, the world 
produced about 589 million tons of paddy rice and most of it, about 534 million tons, were grown in 
Asia (1). By 2025, there will be 650 million rice consumers simply in Asia. Asia’s farmers will have 
to produce millions of tons of extra rice, using less land, less labor and less water. Competition for 
these vital resources is already intense, forcing rice farmers to produce much more with less.  
 
The first rice specie (Oryza sativa) was grown in East and South Asia as long as 15,000 years 
ago, when people began to settle in river deltas and domesticated wild rice. For thousands of years, 
humans have shuffled genes by breeding and selection in order to improve yield through familiar 
domestic varieties of this grass species. This process of selection is at the origin of a rich genetic 
inheritance of almost 140 000 varieties of Oryza sativa (Jeanguyot, 2002). Considerable progress has 
been accomplished in taste, nutritional value and productivity, notably during the "Green Revolution" 
which took place between 1960 and 1970. The aim of this revolution was to intensify the crop 
production with double-cropping systems and improved genetic materials. The International Rice 
Research Institute (IRRI), Los Baños, Philippines was an important actor of this revolution since it 
was founded in 1960 and has been helping poor rice farmers and consumers by introducing new 
technologies into rice fields in Asia from excellent scientific research. However, the Green Revolution 
has also known its failures, and we can no longer count on universal distribution of a few "high yield" 
varieties. Rice farming systems are now facing soil N pollution, CH4 emission, pesticide abuses and 
all of these issues may have a direct impact on human health. A highly integrated scientific approach 
is required to improve rice yields and reduce inputs. The advances in agronomy, the world population 
explosion, the loss of arable land and the threat of climate change require a new revolution: designing 
and creating rice genotypes specially adapted to well defined growing conditions and adapting crop 
management to the characteristics of the genotypes to increase profit for farmers and to be more 
friendly with the environment.  
 
 
 
2 - Context 
 
During the last 10 years, new tools in biotechnology, genome research, biomathematics and 
ecophysiology have offered new opportunities to solve many of the problems that are faced by 
farming systems. In particular, these tools would allow to design improved genotypes characterized 
with high resources use efficiency at a time when agriculture is required to be more profitable with 
farmers, less competitive with industries and cities for water use and more friendly with the 
environment. Rice is the cereal considered as the model plant of the Poaceae, not only in the field of 
genomics but also of phenological development and of adaptative response to environmental 
conditions (Jun et al., 2002). Rice has the smallest genome of all the cereals (430 million nucleotides), 
(Sasaki and Burr, 2000; Eckardt, 2000; Arumuganathan and Earle, 1991) and can serve as a model 
genome for monocotyledons, in the same way as Arabidopsis thaliana is the one for dicotyledons, 
Preliminary comparisons between different cereal genomes revealed large blocks of homologous 
genes whose sequence is relatively well conserved. This phenomenon, known as synteny, makes then 
rice a good entry point for characterizing the genes of other cereals (Bevan and Murphy, 1999; Wang 
et al., 1995; Gale and Devos, 1998; Messing and Llaca, 1998; Goff, 1999), and associating them with 
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various agronomic traits through ecophysiological modelling. The scientific and technological means 
are thus met to conceive and realize rice ideotypes to contrasted growing conditions. These ideotypes, 
most adapted phenotypes for optimal performance regarding the characteristics of their environments 
(Mutsaers, 1999), would be the result of well designed genotypes from appropriate gene combination 
for potential agronomic performance. If the genotype is fixed, the phenotype is described by all the 
morphological, physiological, ethologic and ecological aspects of the plant (David, 1989). The 
ambitious scientific aim here consists in relating the variety of the phenotypes generated by a single 
genotype to the characteristics of the growing conditions, or in short to characterize the complexity of 
the interactions genotype x environment (GxE) through the phenotypical plasticity. This requires the 
elaboration of an ecophysiological model used as a tool to integrate biological, biophysical and 
physiological plant processes and to predict plant behavior according to growing conditions from 
constitutive and inductive traits. 
 
In 2002, the Oryzon Project was initiated by CIRAD, Montpellier, France, in collaboration 
with other research institute, to establish an integrated continuum of research from molecular genetics 
to agronomy in order to gather scientists from different disciplines towards a common objective of 
ideotypes creation. Researchers of the Research Unit Ecotrop (CIRAD) are currently developing a 
growth plant model, Sarrah-meristem (Dingkuhn, 2005), that aims in predicting the phenotypical 
plasticity of cereals, considering first rice, pearl millet and sorghum. This model, descriptive and 
mechanistic, aims at simulating plant growth and development in response to the variability of the 
environment with regards to the meristem activity conditioning the installation of plant architecture 
(Prusinkiewicz, 2004) and to the carbohydrates demand of the active plant organs conditioning 
carbohydrates partitioning. Within the framework of the Oryzon Project, I carried out my Master 
training course at IRRI with the main objective to analyze the phenotypical plasticity of an improved 
popular high-yielding genotype during the vegetative and reproductive phases in response to 
contrasted incoming radiation periods set up at different crop stages. A similar experimentation, but 
focusing rather on physiological relationships at the leaf level, was carried out at the same time and on 
the same genotype in a controlled environment in Montpellier (Luquet and Martin). 
 
 
3 - Literature 
Characterizing the chronology of elementary processes, that drive plant growth and 
development, and the range in variation of these processes is essential in order to take into account the 
impact of genetic variability and change in growing conditions on crop growth. This approach implies 
to determine, in a range of environments, the succession of each event driving plant development and 
to quantify the growth dynamics of plant organs with plant age in order to characterize phenotypical 
plasticity and its determinism. Partitioning of available carbohydrates would then be driven according 
to the potential demand of the competitive sinks and the hierarchy amongst them to access these 
carbohydrates. This concept has been successfully used in previous studies (DeJong and Grossman, 
1994; Heuvelink, 1996; Tabourel-Tayot and Gastal, 1998). This has also been undertaken to model the 
rate in tiller senescence in sorghum when competition for assimilate became critical (Lafarge and 
Hammer, 2002): the rate of decrease in potentially fertile tiller number per plant was related to the 
ratio of realised to potential leaf area growth during the period of decrease. The potential growth in 
leaf area (demand) was estimated from the leaf area that would be produced between two observations 
if all potentially fertile tillers were to continue their development. Adapting on rice this dynamic 
approach during the vegetative and reproductive phases would then be a great challenge and 
improvement in moving towards designing cereal ideotypes for specific field conditions. This requires, 
as a first step, to characterise plant phenology, the dynamics of leaf and tiller production, and of the 
partitioning of carbohydrates towards leaf blades, sheaths, internodes, panicles and reserves and their 
variability in contrasted incoming radiation. 
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3.1 Assimilates partitioning 
 
Carbohydrate gain in the rice plant is partitioned between formation of new structures (leaves, 
tillers, roots, internodes, spikelets and grain), changes of actual structures (leaf thickness, stem and 
root diameter, grain filling) and requirements for maintenance and growth respiration (Gifford et al., 
1984). Contrasted partitioning across varieties leads to commonly classify them into two main groups, 
and their intermediates, according to their vegetative growth strategy: one of plants that colonise 
rapidly the available space and resources by developing lots of tillers with thin leaves, stems and roots, 
and the other of plants that rather invest in reserves and mechanical resistance by developing few 
tillers with thick leaves, stems and roots (Lafitte and Travis, 1984; Peng et al., 1999; Siband, 
unpublished data). The direction of assimilate translocation is primarily regulated by the relative sink 
strength of an organ. Plant development might be limited by source availability and by plant 
regulatory factors, depending on the growing conditions and plant stage. For irrigated rice, where in 
most cases the highest tillering plants are the one with the highest grain yield (Wu et al., 1998), these 
different strategies in plant growth lead to contrasted patterns in assimilate partitioning, mainly in 
terms of tiller production, assimilate storage and remobilization. 
 
  
3.2 Tiller emergence regarding growth environment   
 
Tiller production has generally been analysed on high tillering species and rice cultivars differ 
greatly in tiller ability (Maruta and Matsushima, 1965; Yoshida, 1981). Tillering is one of the most 
important traits of rice considering adaptation to various types of environments, compensation because 
of contratsted growing conditions and crop ability to produce grain (Counce and well, 1991; Miller at 
al., 1991; Gravios and Helms, 1992). It was observed that tiller emergence was driven first by tiller site 
formation at the base of every leaf associated with leaf production, and secondly by the number of 
buds that develop into tillers. The concept of site filling, expressed as number of new tillers per tiller 
per phyllochron (time between appearance of two consecutive leaves), was introduced by Davies 
(1974) and generalized by Neuteboom and Lantiga (1989). Tiller emergence is commonly affected by 
plant density (Counce and Well, 1991; Schnier et al., 1990a) that directly affects plant access to light 
and nutrients (Liang et al. 1986). As plant density increases, the proportion of secondary and tertiary 
tillers decreases (Hoshikawa, 1989; Miller et al., 1991). Shading inhibits tiller production and 
enhances tiller mortality (Matsushima, 1970; Ong et Marshall, 1979; Mc Master et al., 1987; 
Yamamoto et al., 1995; Caton et al., 1997). In conditions where tillering is affected neither by water 
stress nor by nitrogen stress, several authors have suggested that plant carbon balance, and in particular 
the availability of assimilates, drives tiller production (Mitchell, 1953; Ong and Marshall, 1979). This 
was observed in wheat, rice, barley, ryegrass and sorghum (Friend, 1965; Honda and Okajima, 1970; 
Kirby and Faris, 1972; Ong and Marshall, 1979; Gerik and Neely, 1987), even though light quality 
was reported to affect duration of tiller emergence (Casal et al., 1986; Gautier et al., 1995). It appears 
that this possible response to light quality acts mostly as an early perception of assimilate shortage 
prior to any appreciable mutual shading and depletion of assimilate resources (Deregibus et al., 1985; 
Ballaré et al., 1987). In contrast, from the assumption of a trophic regulation of tiller dynamics in the 
canopy, it has been reported that the demand is completed and new tillers are formed, and emerge on a 
regular pattern, as soon as the supply exceeds the demand. When the supply cannot meet the demand, 
emergence of new tillers is stopped (Penning de Vries et al., 1989; Schnier et al., 1990; Drenth et al., 
1994). 
Tiller emergence rate, however, has been in most cases related to leaf appearance rate (Davies and 
Thomas, 1983, Klepper et al., 1982; Skinner and Nelson, 1992; Kirby, 1995; Sugiyama, 1995), which 
determines the rate of tiller site production (Davies, 1974; Vavies and Thomas, 1983; Zarrough et al., 
1984). Thermal time-based leaf appearance rate of sorghum was reported to be very stable in a wide 
range of climate conditions (Lafarge and Tardieu, 2002) and to be similar on the different axes of the 
tillering plants at any time (Masle-Meynard and Sébillotte, 1981; Klepper et al., 1982; Kirby, 1995). 
This relationships between leaf and tiller emergence implies that the growing conditions affecting leaf 
emergence rate are affecting tiller production similarly, which could be valid only at early stage. The 
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onset of a reduction in tiller emergence in response to detrimental environmental conditions or 
increasing competition for light interception has often been analysed in terms of deviation from the 
potential linear relationship in high tillering species (Kirby et al., 1985; Bos and Neuteboom, 1998; 
Gautier et al., 1999). A common linear relationship was observed between relative tillering rate (RTR) 
and relative shoot growth rate (RGR), as for rice and tall fescue (Schnier et al., 1990; Sugiyama, 
1995), including the period when tiller emergence departed from that in the control plots. Differential 
tillering rates and leaf area development among varieties and environment were therefore related to 
dry matter acquisition, based on a common relationship for morphologically and phenologically 
different materials (Dingkuhn at al., 1991). Because of its characteristics, this relationship, however, 
considers that tillering is the only sink for shoot carbohydrates during the whole period when this is 
applied. This does not appear relevant, particularly when new sinks appear in the plant like internodes 
and panicles. The maximum tiller number per plant is not predicted in most crop models and the 
cessation in tiller emergence is commonly fixed at a certain growth stage such as panicle initiation or 
start in internode elongation (Graf et al., 1990; Gao et al., 1992; Miller et al., 1993). Rather, the 
cessation in tiller emergence could be predicted according to a critical value of LAI
 
(Zhong et al., 
2002; Lafarge and Hammer, 2002) for which change in light quality inside the canopy may affect tiller 
production.  
 
 
3.3 Internode and panicle: major sink for assimilate partitioning 
 
Partitioning of shoot assimilate between leaf, stem and head with thermal time was stable in 
sorghum across plant densities from emergence until anthesis at both plant and culm level (Lafarge 
and Hammer, 2002) but was variable regarding rice cultivars and their growth strategy (Asch et al., 
1999). Elongating internodes become a major sink for leaf assimilate during vegetative development 
and a disparity in assimilate distribution to the internode can cause differences in final length 
(Morrison et al., 1994), as this was observed when shading (Fournier and Andrieu, 2000): the onset 
and the rate of the linear elongation phase was delayed, but its duration was not affected. Internodes 
are important site for storage of non-structural carbohydrates before flowering if occurrence of any 
period of stress (de Raïssac, 1992; Cruz-Aguado et al., 2000), or also at the beginning or end of grain 
filling if the grain sink capacity is not strong enough (Rajcan and Tollenaar, 1999). The same 
observation is also valid after an early stoppage of grain growth due to shading at early grain filling 
(Kobata et al., 2000). Preferential partitioning of assimilate carbon into the panicle occurred under a 
low irradiance period at the beginning of grain filling and priority of superior spikelets intensified 
(Okawa et al., 2003). 
 
 
3.4 Carbohydrate remobilization 
 
Carbohydrate remobilization from vegetative sink to grain during ripening has been well 
studied and reflects the degree to which sink activity is matched by source supply (Yoshida, 1980).The 
supply of assimilate to reproductive sinks may come from the sheath and from several leaves, 
depending on their age and position and on the reproductive status of the plant. Shading during the 
first period of grain filling in rice affected grain and even straw dry weight with time, whereas no 
effect was observed on senescence (Kobata et al., 2000). Carbohydrates remobilization from straw is 
expected to have shortened the gap between control and shaded plants in terms of grain yield. It is also 
suggested that reduction in straw dry matter and N retention in leaves during shading accelerated the 
photosynthetic rate after shading removal. Carbohydrate remobilization during vegetative 
development did, however, receive less credit and few significant studies are available regarding 
variation in specific leaf area.   
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3.5 SLA: an approach to modeling growth strategies 
 
Specific leaf area (SLA), defined as the ratio between leaf blade area and its dry weight, was 
introduced as a concept to determine the physiological cost to produce leaf area (Evans, 1972) and to 
address how leaf structure is affected by growing conditions. It is widely used to distinguish growth 
strategies of species favorable to space colonization from those favorable to reserves investment 
(Poorter and De Jong, 1999). As a consequence, rice genotypes characterized with high SLA are 
considered to be highly competitive against weeds (Dingkuhn et al., 1999). It is reported that 
genotypic SLA has a much greater effect on LAI than assimilate partitioning ratio, light extinction 
coefficient and mean leaf tip elevation angle. In the same way, hybrid rice presented, during the 
vegetative phase, higher leaf area growth rate and crop growth rate, possibly due to thinner leaf blades 
rather than higher tillering rate (Laza et al., 2001). In most modelling approaches (CERES; Van 
Henten, 1991; Heuvelink, 1999; Lafarge and Hammer, 2002), increase in plant leaf area on a given 
day is related to carbon gain on that day, proportion of carbon allocated to leaf blades and plant SLA. 
This approach implies that SLA is constant for a genotype or that its changes with plant stage and 
environmental conditions are predicted in a simple way (Marcelis et al., 1998) but this cannot take into 
account the impact of day-to-day variation in growing conditions on SLA. However, systematic tiller 
removal in sorghum plants promoted a significant decrease in specific leaf area with decreasing 
density, as the plant was unable to compensate by producing bigger leaves (Lafarge and Hammer, 
2002). Similarly, Heuvelink and Buiskool (1995) measured a decrease in specific leaf area of tomato 
plants when assimilate demand, but not assimilate supply, was reduced by fruit and truss pruning. It is 
therefore relevant to quantify how SLA is changing with plant stage under contrasted incoming 
radiation and how this could be taken into account in a modeling approach. 
 
 
4 – Problematic 
 
Improvement of radiation, water and nutrient use efficiency in favorable rice growing 
environments requires to grow more efficient genotypes with more appropriate crop management. 
This genotype efficiency depends on the phenotypical plasticity of the plant and its ability to react to 
the environmental conditions by modulating its development and its carbohydrate partitioning 
strategy. Phenotypical plasticity during the vegetative and reproductive phases is possible thanks to 
architectural, morphological and physiological features such as crop duration and developmental 
program, carbohydrates partitioning for plant height, tillering and plant reserves, and reserves 
mobilization from stored carbohydrates and senescent organs. Analyzing, quantifying and modeling 
this plasticity would allow the development of a process based crop modeling, considering the 
elementary mechanisms of the individual plant growth in the canopy, and the identification of adapted 
phenotypes to particular growing conditions. In particular, driving the relative tillering rate with the 
relative growth rate requires that the partitioning coefficient of the total dry matter increase to leaf 
blades and leaf sheath are constant during the whole period when this relationship is used. It was 
proposed to identify, under contrasted conditions, invariants from plant growth and development and 
to determine priority for carbohydrates partitioning regarding plant growth stage when the source is 
not able to meet the demand anymore. The source for plant carbohydrates was limited in this study 
through several shading periods applied in the field at different crop growth stages and plant growth 
and development was then compared with data obtained under natural incident radiation. Constitutive 
and environment-inductive process could then be identified. This source limitation was expected to 
affect the plant dry matter accumulation in response to the reduction in light interception, and 
subsequently tiller dynamics and assimilate partitioning. Sensitivity of the phenology and priority 
between sinks when internal competition for carbohydrates increased were also evaluated according to 
the stage of development. 
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The specific objectives of this study were: 
 1. To quantify the variation in plant height, plant phenology (key stages and leaf number), 
tiller dynamics, organ morphology and dry matter partitioning between leaf blades, sheaths, internodes 
and panicle in response to low incoming radiation periods during the vegetative and reproductive 
phases; 
2. To evaluate the sensitivity of the above variables to low incoming radiation and the priority 
between the competitive sinks of the plant regarding the plant growth stage; 
3. To identify the main components responsible for the phenotypical plasticity of the plant; 
 
 
5 - Materials and methods 
 
5.1 Site description 
 
Field experiments were conducted during the dry season 2005 in the tropical environment of 
the IRRI farm, Los Baños (14°11’N, 121°15’E, 21 m altitude), Philippines. The soil was an 
Andaqueptic Haplaquoll consisting of 58 % clay, 33 % silt, and 9 % sand with pH(H2O) of 6.6, pH(CaCl2) 
of 6.5, 1.71 % organic C, 0.174 % total N, and 38.23 meq 100g-1 cation exchange capacity.  
 
5.2 Plant growth and design 
 
5.2.1 Design of the experimentation, plant materiel and growing conditions 
 
 IR64 plants were grown in the field under six different conditions of radiation before heading 
in a randomized complete block design with four replicates (24 plots) (Annex 2 and 3). IR64 is a 
popular improved inbred line with high yield potential, superior cooking quality and is resistant to 
brown planthopper, green leaf hopper, blast and bacterial blight..Seeds were soaked for 24 hours, 
drained and incubated for another 24 hours in order to promote germination. Pre-germinated seeds 
were sown on February 13 at a rate of 3000 seeds m-2 in a well levelled wet-bed nursery. Fifteen day 
old seedlings were pulled out from the nursery and transplanted on February 28 in the main field at a 
density of 25 plants m2 in plots of 6.5 m by 8.5 m large (55.25 m2). Hill spacing was 0.2 by 0.2 m with 
one seedling per hill. Prior to transplanting, the main field was flooded, the soil was harrowed and 
puddle, and water was maintained at a sufficient level to cover the soil and was used as a guide to level 
the field. Shading was imposed in the field during nine consecutive days at four distinct growth stages: 
(i) from early to mid-tillering, 7 to 18 days after transplanting (DAT) (Rad1), (ii) from mid to max 
tillering, 21 to 30 DAT (Rad2), (iii) from few days prior to panicle initiation to early internode 
elongation, 35 to 44 DAT (Rad3) and (iv) from early to mid internode elongation, 44 to 53 DAT 
(Rad4). In addition, shading was imposed from early tillering to mid internode elongation 7 to 53 DAT 
(Rad5). All these situations were checked against a control plot without shading (Rad0). Black nets (6 
m x 8 m, 48 m2) designed to decrease incoming radiation by 70% were strung 30 cm above the canopy 
level in each of the plot at a time when shading treatment was required. They were adjusted every 4 to 
5 days. Measurement of the hemispheric transmittance (Uni003 Unispec spectrometer, PP Systems, 
Amesbury, MA, USA) of the net in the whole range of the photosynthetic active radiation was 
carrying out to check if the quality of the transmitted light was modified. The net was placed outdoor 
10 cm above the sensor and 3 reps were collected for each wavelength. The red/far-red ratio of the 
incoming radiation below the net was not modified and was 0.999 of the ratio of the incident radiation.  
In addition to these treatments, one side of the control plots (Rad0) were thinned to half the initial 
density (12.5 hills m-2) on the same day as the net was set up in Rad2, Rad3 and Rad4 and designed as 
Iso 2, Iso3, and Iso4, respectively: every second plant in the first six rows of one side of each plot 
Rad0 was removed. Because growth of plants from Iso2 did not depart significantly from that of the 
control plot, and because plants from iso3 were significantly different from control plants on the first 
day when the treatment was established, possibly because they were sampled too close to the border, 
the data of these two treatments were presented in the present study.  
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5.2.2 Crop management 
 
 Phosphorus (50 kg P ha-1 as single superphosphate), potassium (50 kg K ha-1 as muriate of 
potash) and zinc (5 kg Zn ha-1 as zinc sulfate heptahydrate) were applied and incorporated in all the 
plots one day before transplanting. N application, in a form of urea, was driven to ensure optimal N 
inputs during the crop cycle. Twice a week, leaf N content was estimated with SPAD (Chlorophyll 
meter SPAD-502, Minolta Co Ltd, Japan) measurements in order to avoid any N toxicity or 
deficiency. It was checked that SPAD values were not lower than 35 and higher than 40 (Peng et al., 
1996). N application was then done accordingly. As a result, a total of 120 kg N ha-1 was applied in 
four splits (40 kg N ha-1 as basal, 40 at mid-tillering and 40 kg between panicle initiation and 
flowering) in all plots except those corresponding to Rad5, that did not receive the last application of 
Nitrogen. Green Leaf N content was subsequently analysed in the lab, following the protocol of 
Nelson and Sommers (1980). Data on Fig. 1 show that leaf N content in all plots and throughout the 
plant cycle was never deficient nor toxic: it was higher than 2.5% at tillering and than 2.0% at 
flowering and lower than 4.5% at all times (Dobermann and Fairhurst, 2000). Standard cultural 
management practices were followed. The field was flooded two days after transplanting and a 
floodwater depth of 5 cm was maintained until 10 days before physiological maturity when the field 
was drained. Pesticides and herbicides were used to avoid plant damages and yield loss. Weeds were 
controlled by applying Soft-it (pretilachlor) 2 DAT. Subsequent weeding was done manually when 
required (36 and 45 DAT). Pesticides as Molliscide (niclosamide 250g h-1) was sprayed 2 days before 
transplanting to control snails, Furadan (3.5% carbofuran) granules were applied 2, 11, 30, 44 and 53 
DAT to control whorl maggots, and dimotrin (15 DAT), cymbush (18 DAT), Regent (26 DAT) and 
Opsim and Dimo (32 DAT) were also applied.  
 
5.3 Climatic measurement 
 
 Incident solar radiation, Rg (GS1 dome solarimeter, Delta-T Devices, Cambridge, 
UK), air temperature, Ta,  and relative humidity, rH, in a ventilated cylinder (HMP35A, Vaisala Oy, 
Helsinki, Finland), were measured 2 m above ground level. Air temperature and relative humidity in a 
ventilated cylinder was also measured with an extra sensor in a Rad5 plot below the net and 10 cm 
above the canopy level. Soil temperature (Ts) was measured at 20 mm depth below the soil surface 
with 10 thermocouples (compensation cable for type T thermocouple, Chauvin Arnoux, Pyro-
Contrôle, Vaux-en-Velin, France) in 5 random locations in plots with nets and 5 other in plots without 
net. From 44 DAT, time when the plant meristem was observed to be located above the water level in 
response to internodes elongation, until panicle emergence, 6 of the 10 thermocouples were removed 
from the soil and strung to main tillers at meristem level to measure the canopy temperature at the 
meristem height (Tc). The position of these thermocouples was adjusted regularly. Radiation in the 
range 0.4-2.2 µm was measured at ground level by placing 19 tube solarimeters (Type TSL, Delta-T 
Devices, Cambridge, UK) of 1 m long 0.05 m above ground level from 8 to 73 DAT. Three tubes were 
set up in RAD0, 3 in RAD1, 3 in RAD2, 2 in RAD3, 2 in RAD4 and 4 in RAD5. Two additional 
tubes, placed in Rad1 and Rad2 at the beginning of the experiment, were moved to Rad3 and Rad4 on 
35 and 44 DAT, respectively. Three more solarimeters were placed just above the canopy level, two in 
Rad0 and one in Rad5, to be used as reference. All the solarimeters were oriented in the same way 
diagonally across three rows so that the ends of the tubes were both midway between rows and 
levelled by use of built-in levelling bubble. The glass of the solarimeter was cleaned regularly with 
alcohol and dead leaves were removed weekly from plants around the tube solarimeters, so that the 
radiation transmitted was dependent on green leaves only. Prior to installing the solarimeters in the 
field, they were calibrated by positioning the whole set during seven consecutive days in an area free 
from shading, choosing one of them as a reference and determining correction factors for the others. 
All data were measured every minute and averaged and stored every 20 minutes in a data logger 
(CR10X, Campbell Scientific, Shepshed, Leicestershire, UK). Daily cumulative global radiation was 
calculated as the sum of the 20-min period Rg of the whole day. 
Daily cumulative global radiation varied from 5 up to 25 MJ m-2 from transplanting to 
flowering, with an apparent higher average after 35 DAT (Fig. 2a). At the same time, minimum air 
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temperature (Tn) varied from 20 to 25 °C and maximum (Tx) from 26 to 35 °C, with higher 
temperature close to flowering (Fig. 2b). Air vapour pressure deficit (VPDa) was calculated as the 
difference between saturated pressure of water at actual air temperature minus that at air dew point 
temperature. Mean day-time VPDa was calculated from 8 am until 5 pm every day until flowering. 
Mean day-time VPDa was never higher than 2.2 kPa (Fig. 2c) and even instantaneous VPDa was 
never higher than 2.6 kPa (data not shown). 
Daily thermal time (δTT) was simply calculated by daily integration of the meristem 
temperature minus a threshold temperature of 12 °C. Meristem temperature was assumed to 
correspond to soil temperature (Ts) until start in internodes elongation (time when plant meristem was 
above water level) and to canopy temperature at meristem height until heading (Tci) and at panicle 
height thereafter (Tco) (Jamieson et al., 1995; Lafarge et al., 1998). The threshold temperature was 
derived from studies on photo-thermal models of rice growth duration set up for various varieties, 
where the lowest temperature limiting rice development was 12 °C for indica rice (Gao et al., 1987). 
The common model using a broken linear function of temperature to calculate thermal time, 
considering an ‘optimal’ and a ‘maximal’ temperature (Alagarswamy et al., 1986; Ritchie and 
NeSmith, 1991; Hammer et al., 1993) was not considered appropriate here, and a single integration 
was used as VPDa was always lower than 2.5 kPa (Lafarge et al., 1998). Thermal time (TT) was then 
calculated by accumulating δTT from transplanting. 
The fraction of incident radiation intercepted in the plot x (Fix) was determined for each period 
of 20 min by dividing the value transmitted to the tube of the plot (Rtx), modified with its correction 
factor (Cfx), by the value intercepted by the reference tube (Rt), and by subtracting  the resulting value 
from 1:  
Fix = 1 – ((Rtx x Cfx) / Rt)     (1) 
The amount of radiation intercepted by the plot x (Six) was calculated daily as the cumulative product 
of the fraction intercepted and the solar incident radiation calculated every 20 min: 
    Six = Σ(Fix x I0)      (2) 
The cumulative amount of radiation intercepted by the plot was then the sum of the daily values.  
 
5.4 Phenological measurements  
 Non-destructive measurements on five tagged plants in each plot were carried out from 7 DAT 
until flowering, on each day a net was installed or removed, at midway during each shading period and 
three to four days after the removal of each net. Production of fully expanded blades on the main tiller 
was recorded by noting leaf collar appearance until the flag leaf. A leaf was considered as fully 
expanded once its collar was visible above the enclosing sheath of the previous leaf. Values were 
recorded with decimals for better precision, +.5 when approximately half of the blade of the following 
leaf had already appeared. The mean of the number of collars was kept as the fully expanded leaf 
number corresponding to the day under study. The youngest leaves were tagged on the day of 
observation with rings of different colors with regards to their position in order to avoid errors at late 
stages due to leaf senescence and abundant foliar development. Total and green tiller number, sheath 
length (distance from the base of the plant up to the highest collar) and canopy height (distance from 
the base of the plant until the tip of the highest leaf) were measured systematically. Panicle initiation 
(PI) of the main tiller was observed under a binocular microscope (Leica MZ 95, Leica Microsystems  
Ltd., Heerbrugg, Switzerland) by dissecting plants collected in each plot every second day close to PI. 
Initiation was deemed to have occurred when the first row of floral primordial was visible on the shoot 
apex. Heading was defined as the time when 50% of the panicle has exserted from the flag leaf sheath. 
Anthesis was determined in each plot when an average of 50% of spikelets per panicle had exerted 
their anthers. 
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5.5 Destructive morphological measurements and calculations 
 Seedlings were sampled on the day of transplanting as 3 sets of 12 seedlings each. Quadrats 
were sampled in all the plots on each day a net was installed or removed, at midway during each 
shading period (this sampling concerns only Rad0 and the plots with net at the time of the sampling) 
and three to four days after the removal of each net. Sampling areas were 0.32 m2 (40 x 80 cm, 8 hills) 
until PI and 0.08 m2 (20 x 40 cm, 6 hills) after PI. Seven rows were left from the border of each 
treatment to avoid considering plants that were lighted at sunrise or sunset despite the presence of the 
net and to leave enough available area in Rad0 plot to establish each Iso treatment. For each sampling 
date, plants with most of their rooting system were collected early morning and placed in a plastic bag 
containing 5 to 6 cm of water. The plastics bags were placed in a cooler with ice and then brought to 
the air condionned lab for cleaning under running water and subsequent analysis. From each sampling, 
green and dead tillers were counted systematically from all plants, sheath length of half of the plants 
was measured as the distance from the base of the plant to the highest collar and green and dead leaf 
blades were detached from the green tillers on all plants. The area of the green blades of all plants until 
21 DAT (mid-tillering), of a sub-sample of 4 or 3 randomised plants before and after PI, respectively, 
was measured with a leaf area meter (MK2, Delta-T Devices Ltd., Cambridge, UK) and the total stem 
length of the same plants was calculated as the sum of the stem length (from stem base to highest 
collar) of each individual stem. Sheaths, from 26 DAT onwards, and juvenile panicles, from 49 DAT 
onwards, were systematically detached from the stem of the remaining plants (those non analysed for 
leaf area) and juvenile panicles were counted. Green blades of the dead tillers were also separated 
from the stem. For all sampling dates, dry weight of each entities, green and dead leaf blades, leaf 
sheaths, internodes and panicles (when present) of each sub-sample of the green tillers, and also green 
and dead leaf blades and leaf sheaths of the dead tillers, was determined by weighting the material 
after drying during 48 h in the oven at 70 °C.  
Stem dry weight was calculated as the sum of sheath and internodes dry weight. Specific stem 
length (SSL, cm g-1) was calculated by dividing the total stem length by the corresponding stem dry 
weight. Specific leaf area (SLA, cm2 g-1) was calculated by dividing leaf blade area by the 
corresponding leaf blade dry weight. Total green leaf blade area (LA, cm2) was determined from the 
product of total green leaf blade dry weight and SLA. The last three variables corresponded to the 
green tillers only. Leaf area index (LAI) was calculated as the total green leaf blade area of the plant, 
the sum of the green area of the green and dead tillers, divided by the corresponding sampling area. 
Total leaf blade dry weight was calculated as the sum of green and dead leaf blade dry weight. Shoot 
dry weight of the plants was calculated as the sum of the dry weight of leaf blades, stems and panicles. 
All measurements were determined on a per plant basis by dividing each variable by the number of 
plant per plot.. Partitioning coefficient of the dry matter was calculated between each sampling date by 
dividing the increase in dry weight of each individual organ (leaf blade, leaf sheath, internode and 
panicle) by the corresponding increase in shoot dry weight. For this purpose, leaf blade dry weight was 
considered as the sum of green and dead leaf blades and leaf blade and sheath dry weights were 
assumed stable as soon as their maximal value per plant was reached, i.e. no material loss was 
considered. Tagged plants were sampled 71 DAT for main tiller analysis only. Each main tiller, and its 
leaf blades and sheaths, was separated from the whole plant, and green leaf blade area, stem length, 
dry weight of green and dead leaf blades, leaf sheaths, internodes and panicles, and grain number per 
panicle were determined, as well as SLL and SLA calculated. 
 
5.6 Validity of the results 
 
 Dynamics with days after transplanting of highest collar height and green tiller number per 
plant from non destructive and destructive measurements were compared in order to check if these 
data were consistent. Highest collar height of Rad0 was similar for both methods (Fig. 3a), whereas it 
appeared slightly higher for destructive measurements when considering Rad5 (Fig. 3b). Green tiller 
number per plant was similar between non destructive and destructive measurements for rad5, whereas 
it was appreciably higher for destructive when considering Rad0 (Fig. 3c). The lowest values observed 
for some non-destructive measurements can be attributed (i) to tagging, that might have disturbed the 
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plant itself and the surrounding soil region because of regular manipulations, and (ii) to difficulties, 
because of continuous flooded water, to count the very young tillers or to identify the exact plant base 
to measure the length. For these reasons, highest collar height from the ground and green tiller number 
per plant in the subsequent analysis will be those obtained from destructive measurements.  
 
 
6 - Results  
 6.1 Climatic measurements 
 
Fraction of transmitted radiation was 1.0 in Rad0 at 10 days after transplanting (DAT) when 
the seedlings were still too small to be detected by the sensor (Fig. 4a). This fraction decreased down 
to 0.1 at 60 DAT. Fraction of transmitted radiation in Rad5 was 0.28 at 10 DAT, confirming that 70% 
of the incoming radiation was absorbed by the net (Fig. 4a). The fraction in Rad5 decreased down to 
0.1 at 50 DAT and then increased up to 0.27 just at the time when the net was removed from the plot. 
Fraction of transmitted radiation in Rad1 was similar to that of Rad5 until 18 DAT, when the net was 
removed from the plot. The fraction was then as high as 0.9, higher than in Rad0 because the seedlings 
in Rad1 were smaller than those in Rad0 that did not experienced any reduction in incident radiation. 
Fraction in Rad1 was thereafter always higher than that in Rad0, confirming that the plants in Rad1 
were smaller at least until 60 DAT. Fraction in Rad2 were similar than that in Rad0 until the net was 
set up 22 DAT (Fig. 4a). From that date, the fraction in Rad2 was lower than that in Rad5 since the 
plants in Rad2 were bigger. The fraction in Rad2 became similar to that in Rad1 and higher to that in 
Rad0 right after the net removal 30 DAT. Fraction measured in Rad3 and Rad4 were similar to that in 
Rad0 until the time when the net was set up at 35 and 44 DAT, respectively (Fig. 4b). The same 
fractions became higher than that in rad0 as soon as the net was removed from each plot. 
Cumulative intercepted radiation in Rad0 was very close to 0 until 20 DAT, then increased up to 800 
MJ m-2 at 65 DAT (Fig. 4c). The same dynamics as that for Rad0 applied to the cumulative intercepted 
radiation calculated in Rad1 and Rad2, but with a delay of about 4 days due to the previous presence 
of the net. The dynamics calculated in Rad5 departed strongly from the previous ones, as only 100 MJ 
m-2 was reported at 55 DAT, time when the values increased rapidly following the removal of the net, 
until 350 MJ m-2 reported at 65 DAT (Fig. 4c). The cumulative intercepted radiation calculated in 
Rad3 and Rad4 were similar to Rad0 until 35 and 44 DAT, respectively (Fig. 4d). Both dynamics were 
similar from 53 DAT when the net was removed from both treatments and the value at 65 DAT was 
600 MJ m-2. The cumulative incident radiation during the periods when the net was placed in Rad1 
and Rad2 was lower by only 30 MJ m-2 than that calculated in Rad3 and Rad4, indicating that the 
impact of the treatments on incident radiation were close. 
 
Daily maximum meristem temperature measured in Rad0 from 10 to 35 DAT (Fig. 5a), period 
when the meristem was at soil level, was higher than that of the air measured at 2 m height by 4 to 8 C 
most of the time. From 35 DAT, both temperatures were close. Daily minimum meristem temperature 
was higher than that of the air, by 1 to 4 C. Similarly, daily maximum meristem temperature measured 
in Rad0 was higher than that of Rad5 up to 6 C (Fig. 5b). Daily minimum meristem temperatures for 
both were close. The variability between meristem temperature and air temperature, and between 
meristem temperature in Rad0 and Rad5, imply the use of thermal time for data analysis. Hence, 
thermal time, with a base temperature of 12C, was calculated independently for each treatment. 
 
 
6.2 Phenological plasticity to the reduction in light interception  
 
Increase in main stem leaf number (MSB) with thermal time in Rad0, observed from non 
destructive measurements, can be described with 2 linear phases: a first one from transplanting until 
around 450 °C days, time corresponding to the emergence of the collar of leaf 12, and the second from 
450 °C days until flag leaf 17 appearance 940 °C days after transplanting (Fig. 6a). In Rad1, Rad2 and 
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Rad5, increase in MSB was similar to that in Rad0 until 800 °C days, described with 2 linear phases 
with change in slope at around 450 °C days (Fig. 6a), although dynamics in Rad2 and in Rad5 were 
slightly delayed compared to that in Rad0. In Rad1, the final MSB was similar to that of Rad0, with a 
value of 17.4 blades observed at 940 °C days. In Rad2 and Rad5, the flag leaf appeared at around 850 
and 800 °C days, respectively, with a respective total leaf number of 16.4 and 16.0. No difference was 
observed in the increase in MSB with thermal time between Rad3, Rad4 and Rad0 (Fig. 6b). Panicle 
initiation was observed at close dates among the treatments, at 560 °C days in Rad5, 580 in Rad2, 590 
in Rad1 and 605 °C days in Rad0, Rad3 and Rad4 (data not shown). Flowering time did not 
appreciably vary among treatments. It occurred at 970 °C days in Rad5, 980 in Rad2, 990 in Rad3, 
1000 in Rad0, 1015 in Rad4 and 1025 °C days in Rad1 (data not shown). 
The same pattern with thermal time was observed in dynamics of highest collar height at plant 
level for Rad0 to Rad5 (Figs 6c and d): increase in height could also been described with 2 linear 
phases, a first one with a low slope until 750 °C days from 15 to 30 cm, and a second one with a high 
slope thereafter until a final height of 70 cm reached at 1000 °C days (Figs 6c and d). In Rad1, the 
values were lightly lower from 817 to 1025 °C days but the value of the maximum collar height did 
not differ significantly among Rad1 and Rad0 (69 cm for Rad1 against 71 cm for Rad0, Fig. 6c). In 
Rad5 however, the dynamics in collar height was strongly affected between 892 °C days and 
flowering (973 °C days) and the height of the highest collar at flowering was 60 cm (Fig. 6c).  
Increase in canopy height in Rad0 was linear from transplanting until 700 °C days (Fig. 6e). A 
cessation was then noted between 700 and 780 °C days, when the increase in canopy height resumed 
linearly at a higher rate than during the first phase. A similar pattern in the increase in canopy height 
was observed in Rad1 and Rad2 (Fig. 6e), and in Rad3 and Rad4 (Fig. 6f). Canopy height at flowering 
was 85.4 cm in Rad1, 90.7 cm in Rad2, 85.5 cm in Rad3 and 81.2 cm in Rad4. Increase in canopy 
height in Rad5 was slightly ahead of the other treatments, but no cessation was visible between 700 
and 780 °C days, when the slope of the increase was higher than before 700 °C days.(Fig. 6e). At 894 
°C days, canopy height in Rad5 was 88.8 cm. 
 
6.3 Dry matter partitioning in response to the reduction in light interception  
 
Plant shoot dry weight (SDW) measured in Rad0 increased exponentially with thermal time 
throughout the plant development until 40 g per plant was measured at 1000 0C days (Fig. 7a). 
Dynamics in Rad1 and Rad2 were similar, but were delayed during the shading period establishment 
(Fig7a, inset). SDW in Rad0, Rad1 and Rad2 was 10.63 g at 562 °C days, 8.73 g at 551 °C days and 
8.08 g at 551 °C days, respectively (Fig 7a). The values of the SDW were lower in Rad1 and Rad2 
compare to Rad0 throughout plant growth. From 900 °C days, the SDW value in Rad0 increased 
slower than in Rad1 and Rad2. The final SDW was 41.3 g in Rad0, 47.4 g in Rad1 and 44 g in Rad2 at 
1000, 1020 and 980 °C days respectively. Increase in plant shoot dry weight in Rad5 departed 
appreciably from that in Rad0, and even was null from 650 to 800 °C days (Fig. 7a). At 780 °C days at 
net removal, SDW was 6.7 g, and increased strongly after shading and was 23.7 g at flowering. 
Increase in Rad3 and Rad4 was strongly affected from the time the net was set up (Fig. 7b). SDW in 
Rad4 did not increase at all during the shading period, from 700 to 850 °C days, which corresponded 
to the same period when no increase of SDW was noted on Rad5. Increase in SDW in Iso4 was much 
quicker than that in Rad0 as a response of the thinning and SDW reached 56.4 g at 891 °C days (Fig. 
7b). After shading, SDW in Rad3 and Rad4 reached a final value of 38.7 g and 32.1 g, respectively, 
similar to that in Rad1. 
 
Variation in specific leaf area (SLA) and specific stem length (SSL) with thermal time were 
analysed from transplanting until flowering in all the treatments (Fig. 7c and d). SLA in Rad0 
decreased right after transplanting, and probably as a response to the transplanting event, from 365 
cm2 g-1 down to 240 cm2 g-1 at 130 °C days (Fig. 7c). It then increased back to 260 cm2 g-1 at 220 °C 
days and remained fairly constant until 450 °C days. From that time, SLA decreased down to 210 cm2 
g-1 at 700 °C days, and then increased to 230 cm2 g-1 at 770 °C days and remained constant until 
flowering. SSL measured in Rad0 decreased quickly from 260 cm g-1 to 140 cm g-1 between 280 and 
310 °C days, and then more gradually to 40 cm g-1 at 800 °C days and then remained stable until 
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flowering (Fig. 7e). SLA in Rad5 increased strongly compared to Rad0 as soon as the net was set up, 
and was measured at 300 cm2 g-1 at 200 °C days. It remained always significantly higher than in Rad0 
thereafter, down to 240 cm2 g-1 at 980 °C days, with a transient reduction at the time when the net was 
removed (Fig. 7c). SSL of Rad5 was always significantly higher than that of Rad0 until 650 °C days, 
from which the values were quite close (Fig. 7e). SLA and SSL in Rad1 varied similarly as in Rad5 
during the time when the net was on (Figs 7c and e), although the first measurement of SSL was a bit 
late to distinguish the effect. As soon as the net was removed, variation of SLA and SSL in Rad1 was 
similar as that in Rad0. SSL in Rad2 varied similarly as in Rad0 during the time the net was not on, 
and similarly as in Rad5 during the shading period (Fig. 7e). SLA in Rad2 was similar as that in Rad0 
until the net was on, then it increased, not as high as in Rad5, up to 290 cm2 g-1 at 450 °C days, time 
when the net was removed (Fig. 7c). SLA decreased continuously thereafter, but was never as low as 
in Rad0, except from 800 °C days. SLA and SSL in Rad3 increased as soon as the net was set up, up 
to 270 cm2 g-1 and 80 cm g-1 at 250 °C days, then decreased down to the values measured in Rad0 as 
soon as the net was removed from the plot (Figs 7d and f). Same remarks are valid for SLA and SSL 
in Rad4, except that the differences with Rad0 at the time when the net is on, were non significant 
(Figs 7 d and f). SLA in Iso4 was significantly lower by 10 cm2 g-1 than that in Rad0 from the time the 
thinning was established (Fig. 7d), whereas SSL was not affected (Fig. 7f). 
 
Green tiller number per plant in Rad0 increased rapidly with thermal time from 150 until 450 
°C days, when tiller number was 27 (Fig. 7g). It increased then more slowly until 650 °C days, when 
the maximum tiller number was 31. From that time, green tiller number decreased down to 18 due to 
tiller senescence. Green tiller number in Rad1 almost remained constant at 5 during the shading period 
from 200 to 300 °C days (Fig. 7g). As soon as the net was removed, the slope of the increase in tiller 
number was similar to that in Rad0 until 450 °C days, when tiller number was 18. From 450 °C days, 
the slope was then lower but similar to that of Rad0 during the same period. Maximum tiller number 
per plant in Rad1, 27, was reached at 680 °C days. The increase in green tiller number in Rad2 was 
significantly reduced during the shading period. As soon as the net was removed at 450 °C days, the 
slope of the increase in tiller number was similar to that in Rad0 and that in Rad1 of the same period 
(Fig. 7g). The maximum tiller number and the time when it was reached was equivalent as those in 
Rad1. Tiller number at flowering in Rad1 and Rad2 were 22 and 25, respectively, higher than that in 
Rad0 due to a lower tiller senescence. Increase in tiller number in Rad5 was slow from 4 at 210 °C 
days to 11 at 900 °C days, time when the net was removed and the increase in tiller number increased 
rapidly (Fig. 7g). Green tiller number per plant in Rad3 decreased quicker than that in Rad0 from the 
time the net was placed above the crop (Fig. 7h), but no significant difference was then observed from 
750 °C days. Green tiller number in Rad4 was not significantly different from that in Rad0. Green 
tiller number in Iso4 increased after a delay of 100 °C days after thinning at a similar rate than that 
observed during the first phase in Rad0 (Fig. 7h). Tiller number was 33 at 820 °C days. The 
productive tiller number per plant at flowering was significantly higher in Rad2, Rad3 and Rad4, 
between 16 and 18, than that in Rad0, 14 (Fig. 7h inset). The value reported in Rad5, 10, was the 
lowest. 
 
Dynamics in leaf area index (LAI) with thermal time was a consequence of dynamics in green 
tiller number per plant (Fig. 7i). LAI increased rapidly from 300 until 800 °C days in Rad0 up to a 
maximum of 6 (considering a strange value at 650 °C days). The dynamics of LAI in Rad1, Rad2 (Fig. 
7i) and Rad3 (Fig. 7j) was affected from the time the crop was shaded but the rate in LAI increase was 
thereafter similar to that in Rad0. at 900 °C days, the same maximum value was measured for these 
situations. Dynamics in LAI for Rad4 was not significantly different from that of Rad0 (Fig. 7j). 
Dynamics in LAI for Rad5 was slow until 800 °C days, when LAI was 2, and then resumed to the 
same rate as in Rad0 after the net removal (Fig. 7i). The LAI measured in Iso4 was obviously close to 
half of that measured in Rad0 just after thinning, but then it increased at a similar rate as that in Rad0 
and the value at 900 °C days was 4 (Fig. 7j). 
 
Change with thermal time in the dry weight and partitioning coefficient of each above-ground 
organ, green and dead leaf blades, leaf sheaths, internodes and panicles was analysed on Fig. 8. 
Internode elongation started at 450 °C days, just at the time when a break in slope of the increase in 
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main tiller leaf number and green tiller number per plant was observed (Figs 6a and b and Figs 7g and 
h). From transplanting until the onset of internode elongation (600 °C days), partitioned coefficient of 
leaf sheath and green leaf blades were 55 and 45 % of the shoot dry weight, respectively (Fig. 8b). 
Rapid start in internode elongation, was noted at 600 °C days, at the same time as PI was observed and 
tiller emergence stopped (Fig. 7g and h). Internode dry weight increased rapidly from 600 to 972 °C 
days to reach 11.3 g at flowering (Fig. 8a) and a partitioning coefficient of 0.7 at 800 °C days (Fig. 
8b). Panicle dry weight per plant increased rapidly from 750 °C days, just at the time when a rapid 
increase in collar and canopy height (Figs 6c, d, e and f), as well as a transient increase in SLA (Figs 
7c and d), were observed. Panicle dry weight reached the value of 6.4 g at 1004 °C days (Fig. 8a). 
Partitioning coefficient to the panicle was the highest at 915 °C days, 0.8 (Fig 8b). At that time, the 
partitioning coefficient of internode was only 0.2, but, at 972 °C days, the partitioning coefficient of 
internodes and panicles reversed and the partitioning coefficient for internodes was 0.63. This change 
could be explained by the priority given to internode growth for panicle exsertion.  
 
The increase in dry weight of green leaf blades, leaf sheaths, internodes, panicles and dead leaf 
blades was analysed with thermal time for all the treatments on Fig. 9. Shading periods imposed at 
distinct vegetative growth stage affected the dry weight dynamics of all the organs of the plant. In 
Rad0, green leaf blade (LDW) and leaf sheath dry weight (SeDW) increased lightly from transplanting 
to 560 °C days after emergence (Figs 9a and c). After 560 °C days, SeDW increased rapidly up to 16.6 
g and then decreased to 13.4 g at flowering due to senescence of the tillers (Fig. 9c). LDW increased 
up to 700 °C days and then tended to remain constant at 10 g (Fig. 9a). Internodes and dead leaf blade 
dry weights (IDW, dLDW) increased strongly from 630 °C days, time that corresponds to start in 
internode elongation and tiller senescence (Fig. 7g). At 1000 °C days, IDW, panicle dry weights 
(PDW) and dLDW were 11.26, 6.4 and 1.2 g in Rad0 (Figs 9e, g and j). Organ dry weights differed 
greatly among treatments, but relative differences among organs within the treatment were similar in 
Rad1 and Rad2 for the LDW, SeDW, IDW and PDW to that found in Rad0 (Figs 9a and c). Dry 
weight was affected significantly at the beginning of the shading treatments for LDW and SeDW, and 
then tended to follow the same pattern as that in Rad0. Organs dry weights were lower than those in 
Rad0 throughout plant growth except at flowering when it was higher. A similar pattern was observed 
for the shoot dry weight (Fig. 7a). LDW, SeDW, IDW and PDW at flowering were 10.1, 15.5, 13.2 
and 7.5 g in Rad1 and 10.4, 14.3, 11.2 and 7.5 g in Rad2. LDW and SeDW in Rad3 were mainly 
affected during shading. Dry weight of these organs was significantly reduced. Increase in LDW in 
Rad3 resumed that in Rad0 from 760 to 990 °C days and was relatively constant during this whole 
period. In contrast to the variation in LDW, SeDW in Rad3 was always lower than that in Rad0 until 
flowering (Fig. 9d). Increase in IDW and PDW in Rad3 was similar to that in Rad0 (Fig. 9 f and h). 
LDW, SeDW, IDW and PDW in Rad3 at flowering were 9.2, 11.5, 10.9 and 5.6 g.  If LDW in Rad4 
was not affected by shading (Fig. 9b), increase in SeDW, IDW and PDW in Rad4 were strongly 
affected or even stopped (Figs 7d, f and h). As soon s the net was removed from the crop in Rad4, 
biomass accumulation increased strongly in the plant until flowering to reach the same value for 
SeDW (13.3 g) and IDW (11.8 g) than that in Rad0. PDW, 5.1 g at 1000 °C days, was lower than in 
Rad0 mostly because increase in SeDW and IDW were highly delayed. Shading from 130 to 780 °C 
days in Rad5 has strongly affected biomass accumulation. Increase in LDW, SeDW and IDW was 
slow during the whole period and respective values at 780 °C days were 3.2, 2.7 and 0.7 g. As soon as 
the net was removed, dry matter accumulation for each organ increased rapidly and dry weights at 
flowering for LDW, SeDW and IDW were 6.3, 7.6 and 6.0 g respectively (Figs 9a, c and e). Rapid 
increase in organ dry weight was measured in Iso4 as soon as the plot was thinned, from 30 % for 
LDW, SeDW and IDW (Figs 9b, d and f) and 40 % for PDW (Fig. 9h). At 900°C days, dry weights of 
LDW, SeDW, IDW and PDW were 15.4, 28.0, 11.9 and 4.4 g respectively. Variation in dLDW was 
not significantly different among the treatments (Figs 9i and j), except for Rad5 where dead leaf blades 
dry weight was close to zero (Fig. 9 i).  
                          
The dynamics of the partitioning coefficients (PC) of each organ with thermal time (Fig. 10) 
were obtained from the variation in organ dry weight presented on Fig. 9. Shading periods for all 
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treatments induced an increase in the PC for leaf blade (PcLB) to the detriment of leaf sheaths (PcLS): 
dry matter accumulation in the leaf blade was higher than that in the leaf sheath compared to that in 
Rad0 (Figs 10a and b). After the shading periods, an increase in PcLS together with a decrease in 
PcLB induced the values to be similar to those in Rad0. Partitioning coefficient for internodes (PcI) 
and partitioning coefficient for panicles (PcP) increased when those for blades and sheaths decreased 
(Figs 10c and d). Dry matter in internodes was accumulated first in Rad0, regarding values of PcLB 
and PcLS (Fig. 10c). As the decrease in partitioning coefficient for leaf blades and leaf sheaths was 
delayed in Rad2,  PcI was then highly delayed. PcP were similar in all the treatments, except in Rad4 
where this was lower, because partitioning to the internodes was the priority for those plants (Figs 10c 
and d). Despite this difference, PcI accounted for 60 % of the shoot dry weight per plant at flowering, 
and PcP for 40 % in Rad0, Rad2, Rad4 and Rad5. PcI and PcP accounted for 50% in Rad1 and Rad4.          
           
 
 
SDW, PDW, total grain number (TGN), SLA and SSL of the main tiller of the tag plants were 
sampled 71 DAT (five days after the latest flowering, Rad1) and compared to check in what extent the 
treatments could have affected main tiller growth or if the main tiller characteristics were the same in 
all treatments. The values measured for Rad0 and Rad4 were not different, namely SDW were 3.2 and 
3.3 g, TGN, 109 and 96, SLA, 188 and 186 cm2 g-1 and SSL 43 and 42 cm g-1 in Rad0 and Rad4 
respectively (Figs11a to e). In contrast, SDW and TGN measured in Rad1 were significantly higher 
compared to those of the control (Figs 11a to c). Values of SLA and SSL, 176 cm2 g-1 and 28 cm g-1 
respectively, were surprisingly and significantly lower and this was the reason for high SDW and TGN 
(Figs D and e). The tiller had to generate a big sink (TGN) to efficiently remobilise all the stored 
carbohydrates to the grain. The high PDW (1.1 g) measured in Rad2 is explained by the relative 
shorter crop cycle in this situation and the advanced accumulation of dry weight in the panicle (Fig. 
11b). SLA and SSL were higher than those in Rad1 because part of the stored carbohydrates has 
already moved to the panicle. The same pattern than that in Rad1 is observed in Rad3 (relatively low 
SLA) but in a smaller extent (Fig. 11d). SLA in Rad5 is significantly high (Fig. 11d) since the growth 
conditions of this plot generated this crop to maintain a high SLA (Fig. 6c) during the whole crop 
cycle, even after the removal of the net. In contrast, SSL was low (Fig. 11e) since it was the organ that 
stored most of the assimilate gained by the plant in response to the low tiller density. As in the case of 
Rad2, PDW was significantly high since the crop cycle was shorter and the growth of the panicle 
started earlier (Fig. 11b).  
     
Discussion 
 
Shading of rice plants in the field by 70% during 9 consecutive days at distinct growth stages 
between early tillering and heading did systematically affect plant dry matter accumulation. The 
impact of shading on plant shoot dry matter was here similar in Rad1 and Rad2, and in Rad3 and 
Rad4, as both cumulative intercepted radiation and increase in dry matter after net removal were 
similar in Rad1 and Rad2, and in Rad3 and Rad4. The plant shoot dry matter, however, did not 
increase when the shading was applied during rapid internode elongation (Rad4 and Rad5), even if the 
morphological status of those plants at time when rapid internode elongation began was significantly 
different and if the cumulative total incident radiation was higher during that period than during the 
previous shading periods. This supports the general observation that low irradiance at any stage after 
panicle initiation is associated with lower grain yields (Pepper and Prine, 1972; Evans and de Datta, 
1979). The time of rapid internode elongation is also the time when the loss by respiration is the 
highest in the plant (Saitoh et al., 1998). Both growth respiration, due to the simultaneous growth of 
leaf blades, sheaths, internodes and panicles, and maintenance respiration, due to the presence of more 
mature organs, are increasing. Respiration at that stage competes then highly with the increase in shoot 
dry matter. Increase in shoot dry matter after the net removal resumed to a similar rate as that of the 
control plot, as it was also observed after a shading period at early grain filling (Kobata et al., 2000). 
These authors reported also that the dry matter increase lasted appreciably longer than that in the 
control plot, thereby reducing the impact of the shading. This seems to be also the case in this study, 
even if tiller senescence affected the control plot more than the shaded ones. 
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Crop phenology (panicle initiation, flowering, maturity) was not appreciably affected by the 
shading even if the shaded period lasted from early tillering until shortly before heading (Rad5). 
Panicle initiation occurred just a little bit earlier in Rad2 and Rad5, probably because plants were 
shaded during the period preceding panicle initiation, but this was not visible anymore when flowering 
and maturity time were observed. Dynamics in leaf emergence of the main tiller was also remarkably 
stable under all these conditions, as it is commonly observed under variable climate conditions as long 
as it is thermal time driven and meristem temperature based (Stone et al., 1999; Lafarge and Tardieu, 
2002). These observations support the statement that the increase in leaf number on the main tiller 
could be used as a time clock to model plant development (Gao et al., 1992; Nemoto et al., 1995). The 
succession of two linear phases to describe the dynamics in leaf emergence was also repeatable in this 
range of conditions. In the mean time, start in internode elongation, that was not affected by contrasted 
incoming radiation imposed at early stage and was then simultaneous for Rad0, Rad1 and Rad2, 
occurred at around 450 °C days. As a consequence, from 450 °C days, either leaf emergence rate and 
internode elongation competed for available carbohydrates, therefore reducing the amount of 
carbohydrates devoted to leaf elongation, or a change in plant structure would have increased the 
whorl length and thus the distance a leaf has to cover before its collar may appear. In the same way, 
the height of the main tiller (at highest tip or collar level) was not affected by the changes in growing 
conditions. The change in slope of the dynamics in plant height, however, was simultaneous with the 
start in rapid panicle growth, that could be a signal to change the plant strategy for assimilate 
partitioning. At the same time, an increase in SLA was observed probably to remobilize carbohydrates 
to the panicle or the sheaths. The results of this study, however, did not consider if the dynamics in 
leaf emergence of the branch tillers was affected by shading, but the dynamics in leaf emergence in 
rice has already been reported to be synchronous for all tillers of the plant in favorable conditions 
(Nemoto et al., 1995; Jaffuel and Dauzat, 2005). On sorghum, it was observed that dynamics in leaf 
emergence on all branch tillers was either maintained stable or fully stopped in response to high plant 
competition (Lafarge et al., 2002), but was never delayed. If this would also be the case for rice, the 
dynamics in leaf emergence would be a good parameter to estimate the crop demand for assimilate and 
the number of tillers that would stop their development, knowing that they are always the youngest 
ones (Lafarge, unpublished data).  
 
Tiller emergence was significantly and rapidly affected by shading and full light exposure 
when these changes in growing conditions were imposed before maximum tillering. Tiller emergence 
was also able to resume 150 °C days after maximum tillering when the crop was thinned to half its 
initial density, even if tiller senescence had started already (Iso4). Emergence, however, resumed 
around 100 °C days after thinning in Iso4, whereas it resumed just after net removal in Rad1 and 
Rad2. Even if the plant is potentially able to produce tillers at any age, its time required to react to 
changes in growing conditions appears almost null before maximum tillering, but close to 100 °C days 
after it. During this delay, and before tiller emergence started again, the extra carbohydrates gained by 
the plant in Iso4 were stored in the leaf sheaths, while dry matter of leaf blades and internodes at plant 
level were similar to that of the control. This explains while SLA of plants from Iso4 was only slightly 
reduced when compared to that of control plants. As soon as new tillers emerged, dry matter of leaf 
blades, sheaths and internodes exceeded that of the control plants. Two consecutive phases describing 
tiller emergence with thermal time were observed: the first one lasted until 450 °C days and was 
characterized by a high slope (Rad0 and Rad1 after net removal) whereas the second one, from 450 °C 
days until maximum tillering, was characterized by a lower slope (Rad0, Rad1 and Rad2 after net 
removal). It is remarkable to note that the slope of each phase was observed on plants at the same 
growth stage but in contrasted canopies. Interestingly, the slope of tiller emergence in Iso4 observed 
after thinning was similar to the one of the first phase. This slope corresponds possibly to the potential 
tiller emergence rate of this variety, as this was stable in a large range in conditions. As for leaf 
emergence, start in internode elongation occurred at the time when the break in slope was observed on 
tiller emergence. As a consequence, from 450 °C days, tillering and internode elongation may compete 
for available carbohydrates, therefore reducing the slope of tiller emergence. Cessation in tiller 
emergence was simultaneous in Rad1 and Rad2 and occurred when LAI was close to 4 in both cases. 
In Rad0, the cessation was observed earlier, but also at a LAI close to 4 (as long as the strange LAI 
value observed in Rad0 just after 600 °C days was not considered). This common value of critical LAI 
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close to 4, for which tiller emergence was observed to stop, is consistent with the range 3.4 to 4.1 
reported by Zhong et al. (2002). Cessation in tiller emergence occurred also at the same time as 
panicle initiation was observed and rapid internode elongation began. Cessation in tiller emergence 
could then be controlled by the trophic status of the plant as a response of competition for 
carbohydrates due to internode elongation or by an internal regulation due to the high LAI or 
occurrence of PI and change in the plant strategy. The delay in tiller emergence reported in Rad1 and 
Rad2 induced a lower maximum tiller number per plant and delayed and reduced tiller senescence 
inside the crop. It even generated a higher tiller density at flowering in comparison with the control 
plots. As a result of the reduction in tiller emergence, dry matter dynamics at plant level of leaf blades, 
sheaths and internodes was similarly and significantly affected by early shading in Rad1 and Rad2 
compared to that of control plants. In contrast, dry matter dynamics of the panicle in Rad2 was not 
affected mostly as a consequence of its shorter crop cycle. Even shading imposed shortly after panicle 
initiation affected slightly tillering by accelerating tiller senescence, but the impact was, however, 
higher on blade and sheath dry matter dynamics of the developing tillers. Shading during the rapid 
internode elongation affected strongly sheath and internode dry matter dynamics, whereas dry matter 
of leaf blades remained almost not changed as all the blades were likely to be already fully elongated 
at that time. Temporary cessation in the development of part of the tillers, most likely the youngest 
ones, was the most probable consequence of the shortage of assimilate in Rad3 and Rad4.  
 
Increase in specific leaf area (SLA) and specific stem length (SSL) was observed just after the 
decrease in incoming radiation imposed by shading. Tardieu et al. (1999) also reported the high 
sensitivity of SLA to growing conditions and Lee and Heuvelink (2003) related the variability in SLA 
to the inverse of the daily incident radiation. The plasticity of SLA and SSL was reported at any plant 
stage considered in this study, from early tillering until rapid internode elongation, even if their range 
in variation decreased with plant stage according to the cessation in leaf emergence. Interestingly, the 
value observed in Rad5 after 300 °C days of shading was similar to that measured at early shading, 
probably indicating that the values observed in these conditions were the upper limit these variables 
could reach. This probable upper limit decreased with plant age as this was also observed for the value 
measured under normal conditions. Right after net removal, SLA and SSL decreased down to the same 
values as those measured on the control plants, immediately if before mid-tillering, but for a longer 
time if close to maximum tillering probably because of the higher competition for assimilate due to 
lower source/sink ratio. This supports the statement of Tardieu et al. (1999) that SLA cannot be used 
as a parameter to predict leaf area growth but is rather a consequence of leaf blade elongation and 
environmental conditions. These authors reported that SLA decreased when environmental conditions 
had a greater depressive effect on elongation rate than on photosynthesis and increased for the 
converse. The plasticity in SLA was also visible when change in partitioning occurred in the plant, as 
shortly after transplanting and at the start in internode elongation. Specific leaf area is defined by two 
components of the leaf blade, the leaf thickness and the leaf dry matter content, also known as the 
tissue density. The latter is considered as a good indicator of position on the resource use axis (Wilson 
et al., 1999). It is supposed here that leaf dry matter content, rather than leaf thickness that was 
relatively stable, was the component to have been affected by shading through the mobilization of 
soluble carbohydrates from the blade to other plant parts. Compensatory mobilization of reserves, as it 
was observed in this study, was also quantified in case of transient water drainage during grain filling 
in rice (Dingkuhn and Le Gal, 1996). In this situation, reserves mobilization had even increased grain 
yield by increasing the partitioning efficiency of assimilate (Yang et al., 2002) through hormonal 
changes (Yang et al., 2001). Specific leaf area at early stage is commonly used as an indicator to 
compare the vegetative growth strategy of plants that either colonize rapidly the available space and 
resources or invest in reserves and mechanical resistance (Peng et al., 1999). This strategy is 
dependent on the growing conditions in which the plants were bred (Poorter and De Jong, 1999). High 
specific leaf area at early stage is then a good factor to select plants for high competitiveness against 
weeds (Asch et al., 1999; Dingkuhn et al., 1999). The plasticity of SLA reported in this study 
highlights that, despite being a highly productive genotype, IR64 is still investing in reserves at early 
stage while colonizing space and has then the potential to be more efficient regarding weed 
competition. 
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The plasticity in SLA and SSL was also observed at tiller level few days after flowering. Low 
SLA and SSL were measured on main tillers of plants that experienced shading at early tillering stage 
(Rad1) and in a lower extent at the start in internode elongation (Rad3), whereas SLA and SSL 
calculated at the plant level did not show any significant difference with the control plants. It looks as 
if these plants were ready to face an extra period of shading by storing soluble carbohydrates at the 
main tiller level, like plants that experienced an early water stress did store carbohydrates in case a 
new stress would have occurred. In this study, however, this after-effect, as a consequence of the 
change in assimilate partitioning strategy in favor to the main tiller, was still visible around 6 weeks 
after the net removal. As a result, the sink size of this tiller, defined here by the grain number per 
panicle, increased most probably to meet the high availability of its reserves.  
 
The partitioning coefficients (PC) to shoot organs were also affected in favor to leaf blade and 
to the detriment of leaf sheath whenever the shading occurred. This was significantly observed even 
during early internode elongation (Rad3 and Rad5) and was not affected by nitrogen status (Dingkuhn, 
1996) since leaf nitrogen content was maintained at an optimal value through the plant cycle. Higher 
partitioning coefficient to leaf blade was also observed for cultivars with high weed competitiveness 
(Asch et al., 1999). Appreciable change in PC occurred during the transition from heterotrophic to 
autotrophic growth, but this was not considered in this study that started 15 days after transplanting. 
The partitioning coefficient to internode did change in all treatments because of the delay in plant 
development. No effect was observed on the partitioning coefficient to the panicle in this study since 
the nets were removed before heading, but shading during the early phase of grain filling was reported 
to increase the partitioning towards the panicle, and even towards the upper grain of the panicle 
(Okawa et al., 2003). Shading experienced by the crop in this study affected the partitioning 
coefficient to internode which may likely have a detrimental impact on grain yield as high partitioning 
coefficient to the stem close to flowering is a good way for achieving high yield (Samonte et al., 
2001). 
 
 
Conclusions and perspectives 
 
Crop phenology and plant height of the rice plant were not affected by a 70% decrease in 
incoming radiation imposed at distinct plant ages between early tillering and mid-internode 
elongation. The phenology of the main tiller could then be used as the time clock of the plant 
development. The pattern of tillering was stable under full incoming radiation for contrasted canopies 
and dynamics in tiller emergence, and leaf emergence as well, could be divided into two main phases 
of distinct slopes until cessation in tiller emergence that would occur at a critical and stable value of 
LAI. The change in slope of leaf and tiller emergence would occur at the start in internode elongation 
of the main tiller. A framework of development relating the duration of elongation of all leaf blades, 
sheaths and internodes of all tillers of the plant to the internal time clock of the plant would then be 
required to simulate the plant leaf area growth. This kind of framework has already been developed on 
the main tiller of sorghum plants, with strong stability in contrasted growing conditions (Lafarge and 
Tardieu, 2002; Lafarge, unpublished data). On the basis of this framework, elongation of each organ 
of the plant would be simulated according to the time clock and thermal conditions and specific leaf 
area of individual leaves would be the consequence of the assimilate partitioning. The change in the 
partitioning coefficients with plant age is quantified already but the stability of the coefficients under 
different climate conditions should be checked. In case of the occurrence of a low incoming radiation 
period, then partitioning coefficients would be modified in favour to blades and carbohydrates would 
be mobilized from leaf blades and sheaths immediately. These modifications would be driven 
according to the potential range in variation of these two variables with plant age and an index of 
apparent competition for assimilate (Dusserre et al., 2002) as a result of the source:demand ratio, that 
has been successfully used to simulate tiller senescence (Lafarge and Hammer, 2002). Beyond these 
changes, tiller dynamics and organ dry matter would be affected according to the availability of the 
carbohydrates. The after-effect observed on the main tillers of early shaded plants, however, would 
need to be analysed more carefully. 
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Abstract 
 
A field study was conducted at the International Rice Research Institute (IRRI), Philippines during the 
dry season of 2005 to quantify the impact on low light intensity on rice plant establishment. Shading 
was applied at 4 distinct vegetative growth stages, using a net that transmitted 30 % of light, without 
altering spectral composition. The objectives of this study were to quantify the variation in plant 
phenology, tiller dynamics, organ morphology and dry matter partitioning between the different 
organs. The priority between the competitive sinks of the plant and the main components responsible 
for the phenotypical plasticity of the plant were also evaluated and quantified in response to low 
incoming radiation periods for the 5 shading treatments compare to a control without shading. Non 
destructive measurement carried out to determine the main stem length, the collar and the canopy 
height revealed that crop phenology and plant height of the rice plant were not affected by a 70% 
decrease in incoming radiation imposed at distinct plant ages between early tillering and mid-
internode elongation. The destructives measurements realised to quantify biomass partitioning in the 
different organs showed that assimilate partitioning was highly dependent on growing condition  In 
case of the occurrence of a low incoming radiation period, then partitioning coefficients would be 
modified in favour to blades, and carbohydrates would be mobilized from leaf blades and sheaths 
immediately according to availability. 
 
 
Résumé 
 
Une expérimentation en champs fut conduite à l'Institue International de Recherche sur le Riz (IRRI), 
Philippines au cours de la saison sèche 2005 afin de quantifier l'impact d'un faible rayonnement sur la 
mise en place d'une culture de riz. Des ombrages ont été effectués à 4 périodes différentes du cycle 
végétatif de la culture. Pour cela, les filets noirs, diminuant le rayonnement de 70 % ont été placés à 30 
cm au dessus de la canopée; il été montré au préalable que les filets n'altéraient pas la composition 
spectrale de la lumière. Les objectifs de cette expérience étaient dans un premier temps de voir l'effet 
de ces ombrages sur la phénologie de la plante, le dynamique de tallage, la morphologie des organes et 
la réparation de la matière sèche entre ces derniers; et, dans un second temps de caractériser la 
plasticité du taux de répartition de la matière sèche, tout en identifiant les puits prioritaires pour l'accès 
au ressources carbonées lorsque les conditions de rayonnement sont limitantes et non limitantes. Les 
résultats des mesures non destructives ont permis de mettre en évidence que la phénologie de la plante 
(le nombre de feuilles de la tige principale, la hauteur de la gaine et de la canopée) n'est pas affectées 
lorsque le rayonnement est fortement diminué du début du tallage jusqu'à mi-élongation des entre-
nœuds. Parallèlement, les mesures destructives réalisées, afin de quantifier la répartition de la 
biomasse entre les différents organes, ont mis en évidence que la répartition des assimilats au sein de 
la plante était fortement dépendante des conditions de culture. Lorsque le rayonnement est faible, le 
coefficient de répartition de la matière sèche est modifié en faveur de la feuille, et les carbohydrates 
seraient remobilisés immédiatement, des feuilles et gaines vers d'autres organes puits, en fonction de 
leur disponibilité.     
 
 
 
 
 
 
 
 
 
 22 
References 
 
Literature 
 
Alagarswamy, G., Ritchie, J.T. and Flint, B., 1986. Effect of high temperature on leaf appearance rates 
in maize, rice, sorghum, and pearl millet. Agron. Abst., ASA, Madison, WI, p. 10. 
 
Arumuganathan K. and Earle E. D., 1991. Nuclear DNA content of some important plant species. 
Plant Mol. Biol. Rep. 9, 208-218.  
 
Asch F. Abdoulaye S. and Dingkuhn M., 1999. Reserve mobilisation, dry matter partitioning and 
specific leaf area in seedling of African rice cultivars differing in early vigor. Field Crop Res. 62: 191-
202. 
 
 Ballaré, C.L., Sanchez, R.A., Scopel, A.L., Casal, J.J., Ghersa, C.M., 1987. Early detection of 
neighbour plants by phytochrome perception of spectral changes in reflected sunlight. Plant, Cell and 
Environment 10, 551-557. 
 
Bevan M., Murphy G., 1999. The small, the large and the wild: the value of comparison in plant 
genomics. Trends Genet. 15, 211-214.  
 
Bos H.J. and Neutebom J.H., 1998. morphological analysis of leaf and tiller number dynamics of 
wheat (Triticum aestivum L.): response to temperature and light intensity. Annals of Bot. 81: 131-139. 
 
Casal, J.J., Sanchez, R.A., Deregibus, V.A., 1986. The effect of plant density on tillering: the 
involvement of R/FR ratio and the proportion of radiation intercepted per plant. Environmental and 
Experimental Botany 26, 4, 365-371. 
 
Caton BP., Forin TC and Hill JE. 1997 – Mechanisms of competition for light between rice (Oriza 
sativa) and redstem (Ammannia spp.). Weed science, 45, 269-275. 
 
Cruz-Aguado JA, Rodés R, Perez IP, Dorado, Maydelin. 2000. morphological characteristics and yield 
components associated with accumulation and loss of dry mass in the internodes of wheat. Field Crops 
Research, 66, 129-139. 
 
David, T. and Suzuki I., 1989. An introduction to genetic analysis, 4th ed., W. H. Freeman and 
company. 
 
Davies A. 1974. Leaf tissue remaining after cutting and regrowth in perennial ryegrass. Journal of 
Agricultural Science 82: 165–172 
 
Davies A, Thomas H. 1983. Rates of leaf and tiller production in young spaced perennial ryegrass 
plants in relation to soil temperature and solar radiation. Annals of Botany, 57, 591-597. 
 
Davies A., 1988. The regrowth of grass swards. In:  MB Jones & A Lazenby (Eds), The grass crop: the 
physiological basis of production. London, New York, Chapman and Hall, pp. 85-127. 
 
DeJong TM, Grossman YL. 1994. A supply and demand approach to modelling annual reproductive 
and vegetative growth of deciduous fruit trees. HortScience 29: 12: 1435–1442.  
 
 23 
De Raïssac M. 1992. L’utilisation des carbohydrates de réserve et son incidence sur la production chez 
le riz. L’Agronomie Tropicale, 46, 2, 97-105. 
 
Deregibus VA, Sanchez RA, Casal JJ, Trlica MJ. 1985. tillering responses to enrichment of red light 
beneath the canopy in a humid natural grassland. Journal of Applied Ecology, 22, 199-206. 
 
 
Dingkuhn, M., H. F. Schnier, et al. 1991. "Relationship between ripening-phase productivity and crop 
duration, canopy photosynthesis and senescence in transplanted and direct-seeded lowland rice." Field 
Crop Research 26: 327-345. 
 
Dingkuhn M. 1996. Modelling concepts for the phenotypic plasticity of dry matter and nitrogen 
partitioning in rice. Agricultural Systems, 52, 383-397. 
 
 
Dingkuhn, M. and P.-Y. Le Gal. 1996. Effect of drainage date on yield and dry matter partitioning in 
irrigated rice. Field Crops Res. 46, 117-126. 
 
Dingkuhn M., Jonhson D.E;, Sow A. and Audebert A.Y., 1999. Relationship between upland rice 
canopy characteristics and weed competitiveness. Field Crop Res. 61: 79-95.  
 
Dingkuhn, M., D. Luquet, B. Quilot, and P.D. Reffye. 2005. Environmental and genetic control of 
morphogenesis in crops: Towards models simulating phenotypic plasticity. Australian Journal of 
Agricultural Research Accepted. 
 
Dobermann A. and Fairhurst T., 2000. Rice: nutrient disorder and nutrient management.  IRRI 
publications, Manille, 191 p. ISBN 981 04 2742 5. 
 
Drenth H., Berge H.F.M. and Riethoven J.J.L. (Editors), 1994. ORYZA simulation modules fir 
potential and N limited rice production. SARP Research Proc. IRRI, Los Banos, Philippines and AB-
DLO, Wageningen, 223pp 
 
Dusserre J, Crozat Y, Warembourg F, Dingkuhn M. 2002. effects of shading on sink capacity and 
yield components of cotton in controlled environments. Agronomie, 22, 307-320. 
 
Eckardt N. A., 2000.  Sequencing the Rice Genome Plant Cell 12, 2011-2017.  
 
Evans L.T. and De Datta S.K., 1979. The relation, between radiation and grain yield of irrigated rice in 
the tropics, as influence by cultivar, nitrogen fertilizer application and month of planting. Field Crop 
Res., 2: 1-17. 
 
Evans l.T., 1972. Storage capacity as a limitation on grain yield. P499-511. In rice breeding, IRRI, Los 
Banos, Philippines 
 
Fournier c. and Andrieu B., 2000. Dynamics of the elongation of internodes in maize (Zea mays L.): 
analysis of phases of elongation and their relationship to phytomer development.Annals of Bot. 86: 
551-563 
 
Friend, D.J.C., 1965. Tillering and leaf production in wheat as affected by temperature and light 
intensity. Canadian Journal of Botany 43, 1063-1076. 
 
Gale, M.D., and Devos, K.M. 1998. Comparative genetics in the grasses. Proc. Natl. Acad. Sci. USA 
95:1971-1974 
 
 24 
Gao L.Z., Jin Z.Q. and Li L., 1987. Photo-thermal models of rice growth duration for various varietal 
types in China. Agric. For. Meteorol., 39: 205-213.    
 
Gao L., Jin Z., Huang Y., Chen H. and Li B. (1992) – Rice cultivational simulation–optimisation-
decision making systems (RCSODS). Beijing : China agricultural science and technology press. 
Gautier H, Varlet-Grancher C, Gastal F, Moulia B. 1995. Evolution of the leaf area index in a white 
clover and tall fescue intercrop: possible regulation by light quality. In: Sinoquet H, Cruz P, eds. 
Ecophysiology of tropical intercropping. Versailles, France: INRA éditions, 275–284.  
Gautier H, Varlet-Grancher C, Hazard L. 1999. Tillering responses to the light environment and to 
defoliation in populations of perennial ryegrass (Lolium perenne L.) selected for contrasting leaf 
length. Annals of Botany 83: 423–429 
Gerik T.J. and Neely C.L., 1987. Plant density effects on main culm and tiller development of grain 
sorgum. Crop Sci. 27: 1225-1230. 
 
Gifford R. M., Thorne J. H., Hitz W. and Giaquinta R. T. (1984), Crop productivity and 
photoassimilate partitioning. Science 225, 801-808. 
 
Goff S.A.,1999. Rice as a model for cereal genomics. Curr. Opin. Plant Biol. 2: 86-89. 
 
Graf, B., O. Rakotobe, P. Zahner, V. Delucchi, and A.P. Gutierrez. 1990. A simulation model for the 
dynamics of rice growth and development: I. The carbon balance. Agric. Syst. 32:341–365. 
 
Gravois K.A. and Helms R.S., 1992. Path analysis of rice yield component as affected by seeding rate. 
Agron. J. 84: 1-4. 
 
Hammer, G.L., Carberry, P.S. and Muchow, R.C., 1993. Modelling genotypic and environmental 
control of leaf area dynamics in grain sorghum. I. Whole plant level. Field Crops Res., 33: 293-310. 
 
Heuvelink E, Buiskool RPM. 1995. Influence of sink-source interaction on dry matter production in 
tomato. Annals of Botany, 75, 381-389. 
 
Heuvelink E., 1999. Evaluation of a dynamic simulation model for tomato crop growth and 
development. Annals of Bot. 83: 413-422. 
 
Honda, T., Okajima, H., 1970. Environmental light conditions and tiller development in the rice plant. 
3. Effects of partial shading and temperature on the development of tiller buds and dry matter 
increments. Bulletin of the Institute of Agricultural Research 22, 1-15. 
 
Hoshikawa, K. 1989. The growing rice plant. Nobunkyo, Tokyo 
 
Jaffuel S. and Dauzat J., 2005. Synchronism of leaf and tiller emergence relative to position and main 
stem development stage in a rice cultivar. Annals of Botany, 95: 401-412. 
 
Jamieson, P.D., Brooking, I.R., Porter, J.R. and Wilson, D.R., 1995. Prediction of leaf appearance in 
wheat: a question of temperature. Field Crops Res., 41: 35-44. 
 
Jeanguyot M. and Ahmadi N., 2002. Grain de riz, grain de vie. Paris, Magellan et al. 
 
Jun Yu and al,.2002.  A Draft Sequence of the Rice Genome (Oryza sativa L. ssp. indica). Crop Sci. 
296: 79-92 
 25 
 
Kirby E.J.M., Appleyard M. and Fellows G., 1985. Leaf emergence and tillering in barley and wheat. 
Agronomie 5: 193-200. 
 
 
Kirby EJM. 1995. Factors affecting rate of leaf emergence in barley and wheat. Crop Science 35: 11-
19. 
 
Klepper B, Rickman RW, Peterson CM. 1982. Quantitative characterisation of vegetative 
development in small cereal grains. Agronomy Journal 74: 789-792. 
 
Kobata T., Sugawara M. and Takatu S., 2000. Shading during the early filling period does not affect 
potential grain dry matter increase in rice. Agronomy J. 92: 411-417.  
 
Lafarge, T., de Raïssac, M., Tardieu, F., 1998. Elongation rate of sorghum leaves has a common 
response to meristem temperature in diverse African and European environmental conditions. Field 
Crops Res. 58, 69-79. 
 
Lafarge T., Broad IJ., and Hammer GL. 2002 – Tillering in grain sorghum over a wide range of 
population densities: Identification of a common hierarchy for tiller emergence, leaf area development 
and fertility. Annals of Botany, 90, 87-98. 
 
Lafarge, T. and Hammer, G.L., 2002. Predicting plant leaf area production: shoot assimilate 
accumulation and partitioning, and leaf area ratio, are stable for a wide range of sorghum population 
density. Field Crop res. 77: 137-151. 
 
Lafarge T. and Tardieu R., 2002. A model co-ordinating the elongation of all leaves of a sorghum 
cultivar was applied to both Mediterranean and Sahelian conditions. Journal of Exp. Bot. 2: 715-725. 
 
Lafitte H.R. and Travis R.L., 1984. Photosynthesis and assimilate partitioning in closely related lines 
of rice exhibiting different sink:source relationships. Crop Science, 24, 447-452. 
 
Lee J.H. and Heuvelink E., 2003. Simulation of leaf area development based on dry matter partitioning 
and specific leaf area for cut chrysanthemum. Annals of Botany, 91: 319-327.  
 
Liang, G.S., J.R. Muo, and C.F. Ran. 1986. Rice physiology and ecology.p. 159–220. In Chinese 
Academy of Agric. Sciences (ed.)  Rice cultivation in China. Chinese Agric. Press, Beijing. 
 
Marcelis L.F.M., Heuvelink E. GoudriaanJ., 1998. Modelling biomass production and yield of 
horticultural crop: a review. Scientia Horti. 74: 83-111. 
 
Masle-Meynard J, Sébillotte M. 1981. Etude de l’hétérogénéité d’un peuplement de blé d’hiver. II. 
Origine des différentes catégories d’individus du peuplement; éléments de description de sa structure. 
Agronomie 1: 3, 217-224. 
 
Matsushima S., 1970 – Crop science in rice-Theory of yield determination and its application. Tokyo: 
Fuji publishing Co. Ltd. 
 
McMaster GS., Morgan JA. and Willis WO. 1987 – Effects of shading on winter wheat yield, spike 
characteristics, and carbohydrate allocation. Crop science, 27, 967-973.   
 26 
 
Messing J. and Llaca V., 1998. Importance of anchor genomes for any plant genome project.  Proc. 
Natl. Acad. Sci. U.S.A. 95, 2017-2020. 
 
Miller BC., Hill JE. and  Roberts SR., 1991 - Plant population effects on growth and yield in water-
seeded rice. Agronomy Journal, 83, 291-297. 
 
Mitchell K.J., 1953. Influence of rice and temperature on the growth of rice grass (Lolium spp.). I. 
Pattern of vegetative development. Physiologia Plantarum 6: 21-46. 
 
Morrison T.A., Kessler J.R. and Buxton D.R., 1994. Maize internode elongation patterns. Crop Sci. 
34: 1055-1060.  
 
Mutsaers, H. and Wang Z., 1999. Are simulation models ready for agricultural research in developing 
countries? Agron. J.  91(1): 1-130. 
 
Nelson. D.W. and Sommers L.E., 1980. Total nitrogen analysis of soil and plant tissues. J. Assoc. Off. 
Anal. Chem. 63:770-778.  
Nemoto K., Morita S. and Bata T., 1995. Shoot and root development in rice related to the 
phyllochron. Crop Science 35: 24-29. 
 
Neuteboom JH, Lantiga EA. 1989. Tillering potential and relationship between leaf and tiller 
production in perennial ryegrass. Annals of Botany 63: 265–279 
 
Okawa S., Makino A. and Mae T., 2003. Effects of irradiance on the partitioning of assimilated carbon 
during the early phase of grain filling in rice. An. of Bot. 92: 357-364.  
 
 Ong, C.K., Marshall, C., 1979. The growth and survival of severely-shaded tillers in Lolium Perenne 
L. Annals of Botany 43, 147-155. 
 
Peng S., Cassman K.G., Virmani S.S., Sheehy J. and Khush G.S., 1999. Yield potential trends of 
tropical rice since release of IR8 and the challenge of increasing rice yield potential. Crop Sci. 39: 
1552-1559.  
 
Penning de Vries F.W.T., Jase D.M., Ten Berge H.F.M. and Bakema A., 1989. Simulation of 
ecophysiological processes of growth in several annual Crops. IRRI-PUDOC, Wageningen, 
Netherlands, pp 73-81 
 
Pepper GE, Prine GM. 1972. Low light intensity effects on grain sorghum at different stages of 
growth. Crop Science, 12, 590-593. 
 
Poorter H. and De Jong R., 1999. A comparison of specific leaf area, chemical composition and leaf 
construction costs of field plants from 15 habits differing in productivity. New Phytol. 143: 163-176. 
 
Prusinkiewicz, P., Lindenmayer A., et al., 1988. Developmental models of herbaceous plants for 
computer imagery purposes. Computer Graphics 22: 141-150. 
 
Rajcan I, Tollenaar M. 1999. Source:sink ratio and leaf senescence in maize: dry matter accumulation 
and partitioning during grain filling. Field Crops Research, 60, 245-253. 
 
Ritchie, J.T. and NeSmith, D.S., 1991. Temperature and crop development. Pp. 6-29. In: J. Hanks and 
J.T. Ritchie (Editors), Modeling Plant and Soil Systems. ASA, CSSA and SSSA, Agronomy 
Monograph n° 31, Madison, WI. 
 
 27 
Saitoh K., Sugimoto M. and Shimoda H., 1998. Effects of ark respiration on dry matter production of 
field grown rice stand. Crop Ecology, 2: 106-112.  
 
Samonte S.O., Wilson L.T., McClung A.M. and Tarpley L., 2001. Seasonal dynamics of non-
structural carbohydrate partitioning in 15 diverse rice genotypes. Crop Sci. 41: 902-909.    
 
Sasaki, T., and Burr, B., 2000. International Rice Genome Sequencing Project: The effort to 
completely sequence the rice genome. Curr. Opin. Plant Biol. 3:138-141. 
 
Schnier M, Dingkuhn M, de Datta SK, Mengel K, Wijanco E, Javellana C. 1990. Nitrogen economy 
and canopy carbon dioxide assimilation of tropical lowland rice. Agronomy Journal 82: 451–459 
 
Schnier, H.F., M. Dingkuhn, S.K. De Datta, K. Mengel, and J.E. Faronilo. 1990a. Nitrogen 
fertilization of direct-seeded flooded vs. transplanted rice: I. Nitrogen uptake, photosynthesis, growth, 
and yield. Crop Sci. 30:1276–1284. 
 
Skinner RH, Nelson CJ. 1992. Estimation of potential tiller production and site usage during tall 
fescue canopy development. Annals of Botany 70: 493–499 
Stone P.J., Sorensen I.B., Jamieson P.D., 1999. Effect of soil temperature on phenology, canopy 
development, biomass and yield of maize in a cool-temperate climate. Field Crops research, 63, 169-
178. 
 
Sugiyama S. 1995. The relationship between growth and development of vegetative shoots in 
genotypes of tall fescue (Festuca arundinacea Schreb.). Annals of Botany 76: 553–558 
 
Tabourel-Tayot F, Gastal F. 1998. MecaNiCAL, a supply-demand model of carbon and nitrogen 
partitioning applied to defoliated grass. 1. Model description and analysis. European Journal of 
Agronomy 9: 223–241. 
 
Tardieu F., Granier C. and MullerB., 1999. Modelling leaf expansion in a fluctuating environment: are 
changes in specific leaf area a consequence of changes in expansion rate? New Phytol. 143: 33-43. 
 
Yamamoto TD., Kurokawa H., Nitta Y. and Yoshida T., 1995. Varietal differences of tillering 
response to shading and nitrogen levels in rice plant: Comparison between high tillering semi dwarf 
indica and low tillering japonica. Japanese journal of crop science, 64, 227-234 
 
Yang J., Zhang J., Liu L., Wang Z. and Zhu Q., 2001. Water deficit-induced senescence and its 
relationship to the remobilization of pre-stored carbon in wheat during grain filling. Agron. J. 93: 196-
206.    
 
Yang J., Zhang J., Liu L., Wang Z. and Zhu Q., 2002. Carbon remobilisation and grain filling 
in Japonica/Indica hybrid rice subjected to postanthesis water deficits. Agron. J. 94: 102-109. 
 
Yoshida S., 1980. Fundamentals of rice crop science. Los Baños, Philippines: International Rice 
Research Institute 
 
Wang, G.L., Holsten, T.E., Song, W.Y. et al., 1995. Construction of rice bacterial artificial 
chromosome library and identification of clones linked to the Xa-21 disease resistance locus, Plant. J. 
7: 525. 
 
Wilson, P.J., Thompson, K., Hodgson, J.G., 1999. Specific leaf area and dry matter content as 
alternative 
predictors of plant strategies. New Phytologist 143, 155-162. 
 28 
 
Wu, G., Wilson, L.T., McClung, A.M., 1998. Contribution of rice tillers to dry matter accumulation 
and yield. Agronomy Journal 90, 317-323. 
 
Zhong X., Peng S., Sheehy JE., Vispera RM. and Liu H., 2002 – Relationship between tillering and 
leaf area index: quantifying critical leaf area index for tillering in rice. Journal of Agronomy science, 
138, 269-279. 
 
 
Internet 
 
(1) http://www.fao.org/rice2004/  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 29 
Annexes 
 
Annexe 1  - Rice paddy production in 2003 for the 10 most important rice producers (source FAO).  
 
Top 10 rice producers, 2003 
(paddy production in metric tons) 
1. China 166,000,000 
2. India 133,513,000 
3. Indonesia 51,849,200 
4. Bangladesh  38,060,000 
5. Viet Nam 34,605,400 
6. Thailand 27,000,000 
7. Myanmar  21,900,000 
8. Philippines  13,171,087 
9. Brazil  10,219,300 
10. Japan  9,863,000 
 
 
Annex 2 – Plot design 
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Annex 3 – Layout of the experimentation  
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Fig. 1. Changes with DAT (days after transplanting) from transplanting in leaf blade N  
content per plant for Rad0 (■), Rad1 (●), Rad2 (○), Rad3 (▲), Rad4 (∆) and Rad5 (□).   
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Fig. 2. Changes with DAT in cumulative global radiation per day (a), daily temperature (b) and air vapour 
pressure deficit (VPDa) (c). Data were average with a daily time step.  
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Fig. 3. Changes with TT from transplanting to flowering in highest collar height (a-b) and green tiller number (c) 
in non-destructive measurement for Rad0 (●) and Rad5 (○), and destructive measurement for Rad0 (■) and Rad5 
(□). Timing of shading treatment in Rad5 is indicated by interval in dotted.  
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Fig. 4. Changes with TT in fraction of transmitted radiation (a-b) and cumulative intercepted radiation (c-d) for 
Rad0 (thick line), Rad1 and Rad3 (thin line), Rad2 and Rad4 (dashed line), and Rad5 (dotted line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Changes with DAT in air temperature (a) (Tmin: thin dashed line and Tmax: thin line) and meristem 
temperature (a-b) in Rad0 (Tmin: thick dashed line and Tmax: thick line) and Rad5 (Tmin: thin dashed line and 
Tmax: thin line). Meristem temperature was assumed to correspond to soil temperature (Ts) until start in 
internodes elongation (time when plant meristem was above water level) and to canopy temperature at meristem 
height until heading (Tci) and at panicle height thereafter (Tco). 
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Fig. 6. Changes with TT in main stem leaf blade number (a-b) and canopy height (e-f) for the non-destructive 
measurements, and highest collar height (c-d) for the destructive measurements. Timing of shading treatment is 
indicated by interval in med-dash lines for Rad1, short-dash lines for Rad2, dash-dot lines for Rad3, dash-dot-dot 
lines for Rad4 and dotted lines for Rad5. Verticals lines represent the standard error of the mean of the four 
replications.  
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Fig. 7. Changes with TT from transplanting in plant shoot dry weight (SDW, a-b), SLA (leaf area divided by the 
leaf dry weight, c-d), SSL (stem length divided by stem dry weight, e-f), green tiller number per plant (g-h) and 
LAI (leaf area divided by plot area, i-j) for the different treatments. Arrows correspond to initiation of the 
panicle primordia (PI) and flowering. Insert in a is an enlargement of Rad1 and Rad2 SDW with TT.  Insert in b 
shows the panicle number per plant per treatment at flowering. Same symbols as in Fig. 1 for the shading 
treatments plus Iso4 (  ) and same lines as Fig. 6 for the shading period. Verticals lines represent the standard 
error of the mean of the four replications.  
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Fig. 8. Changes with TT in organ dry weight (a) and partitioning coefficient of the shoot (b) in Rad0 for green 
blades (●), sheaths (■), dead blades (○) , internodes (     )and panicle (∆).  
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Fig. 9. Changes with TT in green leaf blade (a-b), leaf sheath (c-d), internodes (e-f), panicle (g-h) and dead leaf 
blade (i-j) dry weight for the different treatments. Arrows correspond to initiation of the panicle primordia (PI) 
and flowering. Insert in a is an enlargement of Rad1 and Rad2 green leaf blade dry weight with TT.  Insert in c is 
an enlargement of Rad1 and Rad2 leaf sheath dry weight. Same symbols as in Fig. 7 for the treatments and same 
lines as Fig. 6 for the shading period. Verticals lines represent the standard error of the mean of the four 
replications.  
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Fig. 10. Changes with TT in partitioning coefficient of the dry matter, calculated between each sampling date by 
dividing the increase in dry weight of each individual organ for the leaf blade (a), leaf sheath (b), internode (c) 
and panicle (d) in the different treatments. Arrows correspond to initiation of the panicle primordia (PI) and 
flowering 
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Fig. 11. Shoot (a), panicle (b) dry weight, total grain number (c), SLA (d) and SSL (e) of the main stem of the 
tag plants at 71 DAT for the different shading treatments. Verticals lines represent the standard error of the mean 
of five tag plants for four replications. 
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